Strains of Lactobacillus plantarum were grown and stored in cherry (ChJ), pineapple (PJ), 20 carrot (CJ) and tomato (TJ) juices to mimic the chemical composition of the respective matrices. 21
of other ecosystems. The growth rate and cell density of L. plantarum strains during fermentation 23 (24 h at 30°C) and storage (21 days at 4°C) only in part differed, being mainly influenced by the 24 matrix. ChJ and PJ were the juices most stressful for growth and survival. Overall, the growth in 25 juices was negatively correlated with the initial concentration of malic acid and carbohydrates. The 26 consumption of malic acid was noticeable for all juices but mainly during fermentation and storage 27 of ChJ. Decreases of branched chain amino acids (BCAA), with the concomitant increase of their 28 respective branched alcohols, and His, and increases of Glu and GABA were the main traits of the 29 catabolism of free amino acids (FAA), which were mainly evident under less acidic conditions (CJ 30 and TJ). The increase of Tyr was found only during storage of ChJ, Some aldehydes (e.g., 3-31 methyl-butanal) were reduced into corresponding alcohols (e.g., 3-methyl-1-butanol). After both 32 fermentation and storage, acetic acid increased in all fermented juices, which would have implied 33 the activation of the acetate kinase route. Diacetyl was the ketone found at the highest level and 34 butyric acid increased in almost all fermented juices. Data were processed through 35 multidimensional statistical analyses. Except for CJ, the other juices (mainly ChJ) seemed to induce 36 specific metabolic traits, which in part differed among the strains. This study provided more in 37 depth knowledge on the metabolic mechanisms of growth and maintenance of L. plantarum in 38 vegetable and fruit habitats, which also provided helpful information to select the most suitable 39 starters for fermentation of targeted matrices. Adaptation to vegetable and fruit ecosystems markedly varied within species and strains of 71 lactic acid bacteria. This is because of the diversity of the plant environments, which, in turn, 72 reflects on the microbial capacity to share the metabolic energy between biosynthetic (e.g., use of 73 alternative substrates) and maintenance (e.g., global stressing responses) (3). The right balance 74 between growth during fermentation, also including enzyme activities that have positive effects on 75 the sensory, nutritional and functional features, and survival at elevated numbers during storage, is 76 indispensable to guarantee high standard during vegetable and fruit processing by lactic acid 77 bacteria (16). Nevertheless, the metabolic adaptation and response of lactic acid bacteria to 78 vegetable and fruit ecosystems was poorly investigated compared to other fermented foods (e.g., 79 dairy and cereal products). More in depth knowledge on the mechanisms of growth and survival to 80 diverse and hostile vegetable and fruit habitats has the aim to describe specific metabolic traits, 81 which allows to better design fermentation strategies based on selected lactic acid bacteria strains 82 for targeted raw matrices. 83
According to the above aim, this study investigated the growth and survival of several strains of 84 L. plantarum under environmental conditions such as those characterizing vegetables and fruits. A 85 panel of various metabolome approaches was used to describe the responses. Multidimensional 86 statistical analyses were used to define the correlations between the chemical composition of plant 87 matrices and the growth and survival of L. plantarum strains, and the differences among bacterial 88 strains based on metabolic responses. 89
MATERIALS AND METHODS 90
Preparation of media. Fruit (cherry, ChJ, and pineapple, PJ) and vegetable (carrot, CJ, and tomato, 91 TJ) juice media were chosen as model systems for the study as representative of diverse 92 ecosystems. They were prepared as described by Di Cagno et al. (8) . Fruits and vegetables were 93 separately homogenized, centrifuged (10,000 x g, 20 min, 4°C), heat treated (121°C for 10 min), 94 extracted by Solid Phase Micro-Extraction (SPME) coupled to GC/MS (SPME-GC/MS). One ml of 153 sample was mixed with 100 µl UHQ water and 100 µl 2N H 2 SO 4 into a 10 ml glass vial, the seal 154 vial was let resting 10 min at 60°C. A SPME fiber (CAR/PDMS 75 µm, Supelco) was placed in the 155 headspace of the vial for 30 min at 60°C. Then, it was removed and desorbed for 5 min in a splitless 156 chromatograph injector at 240°C. The chromatograph (6890, Agilent Instruments) was equipped 157 with a Stabilwax-DA column (Restek), 30 m length, 0.32 μm i.d., and 0.5 μm thickness. The oven 158 temperature was 120°C during the first 2 min and then it was increased at 160°C (2°C min -1 ) to 159 250°C (10°C 3 min -1 ). The pressure was kept constant at 41 kPa. Quantification was carried out by 160 external calibration, using mixed solution of VFFA standards (Sigma). Quantification of VOC was 161 expressed as log arbitrary units of area of a ion characteristic of the compound and quantification of 162 VFFA was expressed in ppm (v/v). 163
Malolactic activity assays. Cell suspensions were harvested from the media by 164 centrifugation (8,000 g, 15 min) and washed twice with tartrate K 2 HPO 4 buffer, pH 3.5. The pellet 165 was re-suspended into 5 ml of buffer. Aliquots of cell suspension (1 ml, corresponding to ca. 10 9 166 CFU ml -1 ) were added to 25 ml of buffer (final volume) into 50 ml Erlenmeyer flasks. The head 167 space was flushed with N 2 and suspensions were initially equilibrated for 10 min at the reaction 168 temperature. The assay was carried out as described by Herrero et al. All L. plantarum strains grew in all the conditions but the increases of cell density (A) depended 198 on the medium (Table 1) The percentage of dead/damaged cells with respect to total cells varied between 7 -8 (MRS, WFH 218 CJ and TJ) to 13 -17% (PJ and ChJ). The estimated percentage of dead/damaged cells with respect 219 to total cells of L. plantarum C2 did not exceed ca. 1% throughout storage in all the media. Apart 220 from the medium, the above ratio for the other strains was always lower than ca. 6%. 221
on November 4, 2017 by guest http://aem.asm.org/ Downloaded from Carbohydrates, organic acids and free amino acids. Independently from the medium 222 used, the stoichiometric ratio between glucose, fructose, sucrose, maltose, lactose, galactose and/or 223 malic acid consumed and lactic acid synthesized was almost respected for all the strains (Table S2) . Lactic acid was always the major fermentation end-product. The lowest level was found in 234 fermented W (Table S2 ). Compared to prior fermentation, the concentration of malic acid of all 235 juices significantly (P<0.05) decreased during fermentation. The highest decrease was found for 236
ChJ. It ranged from 18 (strain C2) to 32 % (strain DC400). After fermentation, the molar ratio 237 between consumed malic acid and glucose/fructose was 1.77 -1.28 (ChJ), 0.86 -0.47 (CJ), 0.60 -238 0.15 (PJ) and 0.35 -0.30 (TJ). The highest ratios were found for juices fermented with L. 239 plantarum DC400. A decrease of malic acid was also found during storage of ChJ, PJ and CJ. The 240 above ratio increased during storage of most of the fermented ChJ. L. plantarum DC400 showed the 241 highest malolactic specific activity. Cells harvested from fermented ChJ and PJ showed higher 242 enzyme activity than those from CJ and TJ (1.15 ± 0.11 and 1.05 ± 0.32 vs. 0.05 ± 0.01 and 0.09 ± 243 0.02 μmol L-malic acid degraded per min per mg dry weight, respectively). Almost the same trend 244 was found for the other strains. 245
The initial concentration of FAA of the juices varied between 587 ± 25 mg l -1 (PJ) to 2,395 ± 246 11 17 %). A marked decrease was found for CJ (ca. 30 -44 %) and PJ (ca. 13 -44 %). The initial 248 concentration of FAA in MRS, WFH and W was almost unchanged after fermentation. In 249 particular, the concentration of branched chain amino acids (BCAA) (Val, Ile and Leu) decreased 250 (P<0.05) during fermentation of all juices, especially CJ and TJ. Almost the same was found for 251
His, especially in TJ and PJ. Glu increased (P<0.05) during fermentation of TJ to markedly 252 decrease during storage. The same trend was found for GABA (P<0.05). FAA increased during 253 storage of all fermented ChJ and PJ. An increase of Tyr was only found during storage of ChJ, 254 which was fermented with L. plantarum CIL6 and C2 (Table S3 ). Significant (P<0.05) increases of 255 FAA were also found during storage of fermented MRS and W. 256 WFH, W and MRS were only used to have a comparison with the metabolic traits that 257 characterize microbial growth and maintenance in juices. Further analyses were only carried out on 258
ChJ, CJ, TJ and PJ. 259
Volatile components and volatile free fatty acids. One-hundred-fifty-five VOC were 260 identified through PT-GC/MS, which belonged to following chemical classes: aldehydes (16 261 compounds identified), alcohols (26), ketones (29), esters (30), and sulfur compounds (10). The 262 profile and the level of VOC differentiated juices already before bacterial inoculum. For instance, 263 TJ was more concentrated in 2-and 3-methyl-1-butanol, PJ in 2-nonanone and almost all esters, CJ 264 in methanol and 2-propanone, and ChJ in ethanol and benzaldehyde (data not shown). Only volatile 265 components that mainly (P<0.05) differentiated fermented juices and were indicative of some 266 metabolic traits were further considered (Table S4) and were indicative of some metabolic traits were showed (Table S4) plantarum behaved rather differently and the distribution of the strains after fermentation was quite 286 different from that after storage. The consumption of carbohydrates and the concentration of 287 organic acids during fermentation and storage (Fig. 1A, E) , and the concentration of FAA during 288 fermentation ( Fig. 1B) mostly differentiated L. plantarum DC400 and C2, with an opposite 289 behavior, from the other strains. This opposite behavior was mainly related to the consumption of 290 malic acid (the highest for strain DC400), and glucose and fructose during fermentation and storage 291 of CJ and PJ (the highest for strain C2), and to the different profiles of FAA. L. plantarum C2, 292 together with strain 1MR20, was also distinguished based on the variation of VOC during storage 293 ( Fig. 1H) , mainly due to the lowest levels of some alcohols, and the highest levels of some esters 294 and diacetyl, especially in PJ. The levels of VFFA (mainly the levels of acetic acid) and VOC 295 (mainly the lowest levels of some alcohols) during fermentation (Figs. 1C, D) and the concentration 296 of FAA, which increased after storage of TJ and PJ (Fig. 1F) , mainly distinguished strain POM1. L. 297 plantarum CIL6 mainly differed based on the lowest levels of some VFFA after storage (Fig. 1G) . 298 on November 4, 2017 by guest http://aem.asm.org/ Downloaded from 13 As shown by the analysis of Euclidean distances, FAA and VFFA allowed the maximum of 299 discrimination among strains both after fermentation and storage. 300
After fermentation, the matrices of correlation between carbohydrates, organic acids, VOC 301 and FAA were elaborated (data not shown). In particular, malic acid was strongly and negatively 302 correlated with Ser (mean correlation value of -0.74) and, especially, His (-0.88). Glu and GABA 303 were strongly and positively correlated (0.88). Several aldehydes (2-pentenal, 2-hexenal, 2,4-304 hexadienal and 2-heptenal) were strongly correlated with several alcohols (1-pentanol, 1-hexanol, 305 1-penten-3-ol, 3-hexen-1-ol, 3-methyl-2-butanol, 3-methyl-1-butanol, 2-methyl-1-butanol and 3-306 methyl-1-pentanol) and ketones (3-pentanone, 4-heptanone, 2-octanone, 3-octanone, 6-methyl-5-307
hepten-2-one, 1-phenyl-ethanone and 3,5,5-trimethyl-2-cyclohexenone) (Fig. S2) . 308
Correlation among strains based on the concentration of all descriptors (carbohydrates, 309 organic acids, FAA, VOC and VFFA) after fermentation and storage was shown through pseudo 310 heatmaps ( Fig. 2A and B ). This analysis mainly shows out how the vegetable and fruit juices 311 influenced the behavior of strains. After fermentation ( Fig. 2A) , juices were grouped into three 312 clusters. Cluster A only grouped strains fermenting ChJ, wherein strains were highly correlated 313 each other (light yellow dashed square). Clusters B and C grouped, respectively, TJ and CJ, and PJ 314 and CJ. Strains fermenting TJ or PJ grouped homogeneously, while those fermenting CJ were 315 scattered. Although not at the same extent observed for ChJ, strains fermenting TJ or PJ were rather 316 highly correlated each other. After storage, nearly all bacterial strains were highly correlated within 317 the fermenting juice, being grouped in the same cluster. Only two exceptions (TJ-POM1 and PJ-318 POM1) were found. 319 320 DISCUSSION 321 L. plantarum has a relatively simple carbon metabolism mainly devoted to lactic acid synthesis, but 322 one of its striking features is the enormous flexibility with respect to catabolic substrates (26). This 323 study aimed at giving new insights on how diverse is the metabolic response of L. plantarum strains 324 on November 4, 2017 by guest http://aem.asm.org/ Downloaded from 14 with respect to well-known food habits (e.g., dairy and cereals) and depending on diverse vegetable 325 and fruit matrices to drive safe and functional fermentations. 326
As expected, fruit juices (ChJ and PJ) were the most stressful for microbial growth. Except for 327 strain DC400, the growth was negatively correlated with the initial concentration of malic acid and 328 carbohydrates (glucose and fructose). Decrease of external and intracellular pH, alteration of cell 329 membrane permeability (27) and/or reduction of proton motive force (28) are the main side effects 330 caused by malic acid (29). The consumption of malic acid was noticeable for all juices but mainly 331 during fermentation and storage of ChJ. This juice had a low value of pH and possesses other 332 intrinsic features (e.g., the highest concentration of carbohydrates and total phenols), which 333 determined its single clustering after both fermentation and storage ( Fig. 2A, B ) (6, 30). 334
Decarboxylation of malic acid provides energy advantages due to the increased intracellular pH 335 (31) and the synthesis of reducing power (32) (Fig. 3) . L. plantarum DC400 showed the highest 336 malolactic specific activity and cell membrane injury, especially when cells were harvested from 337 acid juices (e.g., ChJ). Only the growth of this strain was positively correlated with the initial value 338 of pH. L. plantarum DC400 was isolated from wheat sourdough. Cereal matrices have values of pH 339 of 5.6-6.0 and the acidification is the main environmental modification, which gradually occurs 340 during fermentation. Multidimensional analysis PCoA based on carbohydrates and organic acids 341 mainly distinguished L. plantarum DC400 and highlighted the opposite metabolic responses of 342 strain C2, which was isolated from carrots ( Fig. 1A, E ). This latter strain showed less percentage of 343 dead/damaged cells during storage, less intense malolactic fermentation, and stable and low molar 344 ratio between consumed malic acid and glucose/fructose. The behavior of the other strains was 345 intermediate. Exposure to high levels of carbohydrates (e.g., ChJ and PJ) leads to inefficient 346 metabolism and/or catabolic repression, and bacteria need to equilibrate the extra-and intra-cellular 347 concentration (33). Consumption of carbohydrates was consistent and similar to other favorable 348 media (WFH and MRS broth) only in vegetable juices (CJ and TJ), which had a lower 349 concentration of glucose and fructose and were less acidic compared to fruit juices (ChJ and PJ). the trend of L. plantarum strains seemed to turn from pathways mainly devoted to growth 355 (fermentation of carbohydrates) to routes that mainly allowed maintenance (e.g., malolactic 356 fermentation) (34, 35) . This consideration is strengthened by the results of the pseudo heatmaps of 357 Fig. 2A and B , which showed that in most of the cases the juice matrix determined a homogeneous 358 metabolic response of the strains. 359
The catabolism of FAA is another mechanism for microbial adaptation to surrounding 360 environments, which was in depth investigated for lactic acid bacteria growing in cheeses and 361 sourdoughs (36) but poorly for vegetable and fruit fermentations (16). As shown by the analysis of 362 Euclidean distances, different responses between the strains were mainly related to the catabolism 363 of FAA (Fig.1B, F) . Due to the high nitrogen content, fermentation of the rich media MRS broth, 364 WFH and W were not affected by significant variations of FAA during fermentation. On the 365 contrary, BCAA (Val, Ile and Leu) decreased during fermentation of juices (mainly CJ and TJ) and 366 seemed to be converted into their respective branched alcohols (2-methyl-1-butanol, 3-methyl-1-367 butanol and 2-methyl-1-propanol), which concomitantly increased the levels (Fig. 3 ). Consumption 368 of BCAA into their corresponding 2-ketoacids leads to gain of ATP and allows the regeneration of 369 Glu from α-ketoglutarate (35, 37). Conversion of Glu to GABA also enhances acid resistance (38, 370 39). All fermented TJ showed increased levels of Glu and GABA, and, in general, these two 371 compounds were positively correlated. A decreasing trend, mainly when TJ and PJ were fermented 372 with strain CC3M8 (isolated from cheese), was also found for His. The decarboxylation of His into 373 histamine provides energy through the generation of proton motive force (40) (Fig. 3) . The matrices 374 of correlation showed the negative correlation between His and malic acid, which suggested the 375 alternative use of these sources (41). Overall, it seemed that the catabolism of FAA is a mechanism 376 on November 4, 2017 by guest http://aem.asm.org/ Downloaded from 16 of adaptation more pronounced under less acidic conditions and for vegetable juices (CJ and TJ), 377 whereas malolactic fermentation prevails under very acidic environment (ChJ). A specific 378 consideration may deserve the increase of Tyr, which was found only during storage of ChJ, mainly 379 when fermented with strains CIL6 (isolated from cherries) and C2. Quinate is largely present in 380 cherry and it may act as a precursor of Tyr through a number of reactions ( Fig. 3) (42) . Tyr is a 381 stimulatory amino acid for the growth of L. plantarum and, in general, its catabolism is also 382 involved in the mechanism of intracellular pH regulation (43). First this study showed that some 383 traits of the catabolism of FAA are also indispensable for growing and adaptation of L. plantarum 384 to vegetable and fruit matrices. 385
Several VOC identified during juice fermentation and storage were inherent aroma 386 components of the vegetables and fruits used (44). Overall, alcohols, ketones, ketoacids and 387 terpenes are synthesized by lactic acid bacteria when subjected to environmental stresses (45, 46, 388 47, 48, 49). Some aldehydes (e.g., 3-methyl-butanal, 2-methyl-butanal or 2-hexenal), which 389 decreased during fermentation, were statistically correlated with the corresponding and increasing 390 alcohols (e.g., 3-methyl-1-butanol, 2-methyl-1-butanol or 2-hexen-1-ol). The low redox potential of 391 juices may have directly caused the reduction of unstable aldehydes and ketones to primary and 392 secondary alcohols (50) or, as discussed before, branched alcohols may have derived from the 393 catabolism of BCAA (Fig. 3 ). As previously shown during sourdough fermentation (51), microbial 394 activity may also have been responsible for this reduction, which increases the capacity to recycle 395 NADH co-factors (Fig. 3) . After both fermentation and storage, acetic acid markedly increased in 396 all fermented juices. This would imply an activation of the acetate kinase route of the 397 phosphogluconate pathway by L. plantarum strains. The marked activation of this route strictly 398 relies on the availability of external acceptors of electrons such as aldehydes, which were reduced 399 into the corresponding alcohols ( Fig. 3 ). Almost the same mechanism of activation was shown 400 during sourdough fermentation (51), but none of the previous studies (16) highlighted its occurrence 401 during vegetable and fruit fermentations. Diacetyl was the ketone found at the highest level in all 402 on November 4, 2017 by guest http://aem.asm.org/ Downloaded from 17 fermented juices (mainly PJ fermented with L. plantarum CIL6, 1MR20 and C2). The synthesis of 403 neutral diacetyl is induced at the transcriptional level by acidic conditions, which presumably 404 contributes to intracellular pH regulation by decreasing the level of pyruvate (52) (Fig. 3) . 405
Data were processed through multidimensional statistical analyses (Figs 1 and 2A, B) to 406
show the effect of the matrices and to differentiate L. plantarum strains. Due to their inherent and 407 different chemical characteristics, TJ, PJ and, especially, ChJ induced specific metabolic responses 408 in almost all the strains during fermentation. CJ did not exert the same selective pressure. Except for 409 POM1 in TJ and PJ, the responses of all the strains during storage were determined by the type of 410 juice. Based on the metabolic responses that were induced by juices, strains might be selected for 411 targeted fermentations. Some examples are as follows. Strain CIL6 was the most suitable strain to 412 ferment ChJ because of the high survival, the capacity to consistently activate the malolactic 413 fermentation, the highest synthesis of diacetyl and GABA, and the metabolism of Tyr, which may 414 positively influence the microbiological and sensory features of fermented cherries. Strain POM1 415 could be selected to ferment TJ because of the highest increase of cell numbers and concentration of 416 FAA and GABA, the catabolism of BCAA and His, and the capacity to consistently activate the 417 acetate kinase route. Almost the same suitable features were shown by strain POM1 during 418 fermentation of PJ. As shown in Fig. 2B, POM1 was the only one that did not correlate with the 419 other strains during fermentation of TJ and PJ. Overall, CJ seemed to be the juice where all the 420 strains behaved almost similarly as well as C2 was the strain that showed the highest survival 421 during storage of all the juices. 422
This study provided more in depth knowledge on the metabolic mechanisms of growth and 423 maintenance of L. plantarum, which depended on vegetable and fruit habitats and in part differed 424 from other well described responses in other food ecosystems (e.g., dairy and sourdough products). 425
The metabolic responses of the strains in part differed, which were helpful to select the most 426 suitable starters for industrial scale fermentation of targeted matrices. 
